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Highlights:
• Indoor environmental quality (IEQ) in energy-efficient houses was studied over time
• IEQ was generally acceptable over time except when ventilation systems were shut down • More quiet, user-friendly and robust ventilation systems have to be developed
• Inspection of ventilation systems and frequent maintenance by professional should be mandatory • Information should be provide to the user to avoid some behaviour leading to poor IEQ
Introduction
The impact of global warming due to anthropogenic greenhouse gas emissions has promoted energy efficiency and support for renewable products around the world. In France, the government has pledged to cut its greenhouse gas emissions by four-fold from just one study conducted in four energy-efficient houses [5] . Some authors [6] reported in a review of case studies published between 2008 and 2013 in ASHRAE's "High Performing
Buildings" magazine that most of these studies mentioned IAQ design construction but generally did not provide measured IAQ data. In the same year, research priorities focusing on IAQ in highly energy-efficient buildings were proposed to fill the gap of knowledge and take into account the health and comfort of the occupants of these future buildings [7] . In conclusion, data relative to IAQ and more generally to IEQ in energy efficient buildings are urgently needed to have an overview of any possible problems in such buildings to rapidly adjust the building practices and/or occupants' habits.
In this context, the French Indoor Air Quality Observatory (OQAI) has launched a specific research program dedicated to IAQ and comfort in energy efficient buildings. A first study was carried out in seven energy-efficient newly built houses (house "A" to house G") before and during the houses' first year of occupancy [8] . It provided the indoor concentrations of some pollutants such as volatile organic compounds, aldehydes and particles and made possible to find some hypotheses concerning the pollutants sources. Although the ventilation systems allowed an air exchange rate of 0.5 h -1 and higher, some shortcomings were reported and occupants complained about noise annoyances and complexity of use. No conclusions were drawn on the potential changes of the IEQ over time because the measurements and observations were carried out in a relatively short period of time and were not repeated. The monitoring was extended by two supplementary years in two of these houses (house "B" and house "E") to study the potential changes over time of ventilation conditions and IEQ parameters and to consolidate the first results.
This three-year follow-up study aims specifically to:
-follow the operation of the ventilation system over time and to collect regularly the feedbacks of occupants relating to the acoustic comfort, the use and the maintenance of this system, -describe the time trends in indoor concentrations over a long period,
-describe the thermal comfort during repeated seasons in these buildings in which heating and cooling energy use are reduced.
In addition this three-year follow-up study completes, with additional parameters and over a longer period, the results provided by the rare previous longitudinal studies of IAQ in energyefficient houses [5, 9, 10, 11, 12] .
Materials and methods

Description of the measurement sites
Two single-family detached houses (house "B" and house "E") located in the western area of France (Pays-de-la-Loire) were investigated in this study (Table 1) 
The IAQ was monitored immediately after the completion of the houses, from June/July 2009 to January 2012 (Table 2) The measurement protocols for assessing IAQ and thermal comfort have been previously presented in detail [8, 13] . Briefly, the IAQ parameters were measured weekly on-line as follows: 1) the total volatile organic compounds (TVOC in µg/m 3 toluene equivalent; uncertainty of ± 38 µg/m 3 ) were measured every 10 minutes with a photoionisation detector (PGM 7240 -RAE Systems); 2) the carbon dioxide (CO 2 in ppm; uncertainty of ±3% of reading +50 ppm) was measured every 10 minutes by a non-dispersive infrared probe (TSI QTrak 8552); 3) the number of particles/cm 3 (diameter: 0.3-20 µm) was measured every 10 minutes by an optical portable aerosol spectrometer (dust monitor 1.108 -Grimm,); and 4) the carbon monoxide (CO in ppm; uncertainty of ±3 ppm) was measured every 5 minutes with an electrochemical sensor (gas monitor Draeger Pac III). The target volatile organic
compounds (VOCs) and aldehydes were sampled by diffusive samplers over 7 days (Radiello  ) and were analysed and quantified in µg/m 3 by gas chromatography, mass spectrometry and flame ionisation, and high-performance liquid chromatography with detection by UV absorption respectively. The analytical uncertainties were estimated to be 15% for the VOCs and 10% for the aldehydes. These compounds were measured following the same protocols as those implemented in the national survey on IAQ in French dwellings conducted by OQAI [14] . All the analytical methods and the detection limits for each compound have been previously detailed [15] . All other organic compounds whose concentrations exceeded 1 µg/m 3 were identified and quantified as µg/m 3 toluene equivalent.
For the statistical calculation, each concentration of these organic compounds below the limit of quantification (LOQ) was replaced by LOQ/2, and each value below the limit of detection The MVHR systems were switched on at the medium fan speed during the pre-occupancy investigations and then in manual or automatic mode during occupancy. For house E, these instructions were not followed correctly during the pre-occupancy stage because the occupants were present during the first 24 h, and they switched off the MVHR system before leaving their house. MVHR system adjustments were performed before the pre-occupancy stage for house B and immediately before the first week of the occupancy stage (summer 2009) for house E.
Survey questionnaires
Concurrent with sampling and measuring, two questionnaires were developed based on the national survey on indoor air quality in French dwellings [16] . They were fulfilled by
occupants at the end of each investigation. The first questionnaire recorded the occupancy, the use and the maintenance of the ventilation system, the use of the heating system, the window opening all day long, the presence of smokers, the installation of new furniture, the arrangement or decoration works, and the use of products known as sources of indoor air pollutants such as incense, candles, air fresheners, fragrances, pesticides, cleaning products, etc. The second questionnaire provided the perceived comfort of occupants on air stuffiness, thermal comfort and acoustic comfort and the reasons of the discomfort if any.
Results
3.1. Ventilation systems: air flow rate, use, and maintenance Table 3 presents the measured exhaust air flow rate for each house in different service rooms.
The decrease in the time of the air flow rate for two rooms of house B (2 nd bathroom and the kitchen/living room) during winter 2010-2011 was linked to the outlet filters not being cleaned since the installation of the ventilation system (1.5 years prior). After cleaning, second measurements were made in the kitchen/living room, and, as expected, the air flow rate increased. The measured air flow rates were compared to the preliminary design values given by the consulting firm. The designed air flow rate was reached for house B, except for in the kitchen/living room, but never for house E, despite adjusting the MVHR system. (Table 4 ). The sound pressure levels were lower for
house E than for house B. In both houses, the sound pressure level measured in each room increased according to the fan speed of the MVHR system. The utility room where the MVHR system was located was the noisiest room as expected. In house B and for the high fan speed, the sound pressure level exceeded 30 dB(A) and more than 35 dB(A) in the bedrooms. lifestyle. In terms of maintenance, the occupants of both houses were used to changing the heat recovery filters every 6 months, but only the occupants of house E cleaned or changed the kitchen and bathrooms extract filters.
Air stuffiness and indoor air quality
During occupancy, the weekly median CO 2 levels were lower than 840 ppm in the main bedroom and in the kitchen/living room and showed a seasonal variation ( not available).
The median level of TVOCs and the concentration of sixteen VOCs and six aldehydes most frequently detected in at least 50% of the samples are presented in Table 5 . Nine organic compounds were always quantified (quantification frequency = 100%) in the occupancy phase (from high to low concentrations: hexaldehyde, formaldehyde, acetaldehyde, alphapinene, limonene, toluene, 1,2,4-trimethylbenzene, m-p xylenes, and acrolein). Among these nine most frequently quantified organic compounds, the three aldehydes and the two terpenes presented the highest median concentrations in both occupied houses. The concentrations of the majority of these VOCs and aldehydes were higher before occupancy than after for both houses, most likely because these compounds were off-gassed from various brand new indoor structural and interior materials, whose emission intensity is highest just after house completion. The highest concentrations of TVOC, VOCs, and aldehydes were measured during the pre-occupancy stage in house E, possibly because the MVHR system was accidentally switched off during the main part of the measurement period. The air renewal was low without the ventilation system and while the windows were closed because of the absence of occupants. The PM 2.5 mass concentration and the median number of particles measured during the preoccupancy stage and during occupancy are shown in Table 6 . The measured values were higher during occupancy than before, except for the number of particles in house E when the ventilation system was switched off during the pre-occupancy stage. During occupancy, the measured values were higher in winter than in summer, although all the data were not available for both houses. 
Indoor climate conditions
During each week of investigation, the indoor air temperature and the relative humidity were measured in the main bedroom and the kitchen/living room of each house. The absolute humidity, expressed as the ratio of water vapour-to-unit mass of dry air (g/kg), was calculated according to these parameters. Table 7 shows that the mean indoor air temperature was higher in house B than in house E regardless of the season. The mean values were higher than 23°C
for house B and 21°C for house E in the summer period and lower than 22°C for house B and
for house E in the winter period. The absolute humidity was higher than 8 g vapour/kg dry air in the summer period and lower than this in the winter period. To assess the thermal comfort conditions, the indoor air temperature measured in both houses over 2 years was compared to two threshold temperatures. These threshold temperatures were set based on human thermal comfort temperature range: a "hot" threshold temperature being at 27°C and a "cold" threshold temperature being at 16°C. This range refers to advisory values from energy providers, shifted in economic mode, in the "worst case" type of room.
The percentage of time above 27°C or below 16°C was calculated for each month only during occupancy. 
Perceived comfort by occupants
According to the perception questionnaire, the occupants of both houses were "rather satisfied" with the thermal comfort but highlighted some dissatisfaction. In winter, they complained of cool mornings when the heating system was turned off during the night and was not functioning when they woke up. They complained about the inhomogeneous heat distribution in the house leading to higher temperature in the room containing the stove and temperature default in coldest rooms (bedrooms, office). In summer, only the occupants of house B complained of having high temperature in the living/room and in the bedrooms especially at the end of afternoon. With regard to the acoustic comfort, they were from « rather satisfied » to « highly satisfied» most of the time; the occupants of house B complained about noise annoyance when the ventilation system operated with high fan speed.
Discussion
Operation and use of ventilation systems
Some of the shortcomings of the MVHR systems highlighted in this study were consistent with those reported in recently built Dutch homes [17, 18] and in zero-carbon homes [10, 19] equipped with these systems. Regarding the noise annoyance generated by the ventilation system, the high sound levels measured were consistent with the occupants' dissatisfaction.
Some authors reported that noise from the ventilation system was a nuisance when the systems operated with higher air flows [20] . Moreover, more user-friendly and robust ventilation systems are needed, as reported in another study [21] , and their maintenance should be assured by qualified professionals rather than by the occupants, who are not always motivated or able to correctly maintain the system. useful to compare our results with those reported from previous studies carried out in similar airtight homes i.e. newly built, wooden frame energy-efficient dwellings [5, 9, 10, 11, 12, 22] .
For this purpose, the arithmetic means and the standard deviations of the most frequently measured VOCs and aldehydes in both occupied houses were calculated. As shown in the Table 8 , our results are consistent with previous studies: most of the measured VOCs and aldehydes showed concentrations in the range of those measured in other studies. The concentrations of benzene, ethylbenzene, alpha-pinene, and beta-pinene reported here were, however, lower, while the 1,2,4-trimethylbenzene, acrolein, and n-butylacetate concentrations were higher in comparison to previous works. 
Indoor air quality over time: change and causes of variability
Five main time trends in temporal evolution of IAQ were identified. By comparing our results to those of other longitudinal studies and with the collected informations by questionnaires, the reasons of the observed variability of these concentrations were proposed.
Stability of aldehyde concentrations
The concentrations of formaldehyde, hexaldehyde, and benzaldehyde during occupancy were relatively stable over time.
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No seasonal variations were observed for formaldehyde, although higher concentrations have been measured by other authors [5, 23] in summer in new buildings. Our results are consistent with previous study [24] where the authors observed that the emission rates of formaldehyde were generally similar at the beginning and the end of the 9.5 month study period in new manufactured houses. Other author [25] demonstrated over the course of 8 months after construction in a new dwelling that formaldehyde showed an initial decay constant similar to that of TVOCs and a later decay three orders of magnitude slower, predicting that formaldehyde emissions would persist for many years. An another study [26] noticed that formaldehyde did not follow the decrease in VOC levels within the initial months after completion but rather continued to decrease slowly over 2 years, especially in new, woodenframed homes. These authors suggested that wooden materials require a longer flushing period than other materials in new homes.
The concentration of hexaldehyde was relatively stable in both occupied houses over time, similar to a previous study [24] . In two of the four newly manufactured houses, the authors reported that the temporal change in the emission rate of hexaldehyde was low over 2 and 9.5 months following installation. In a newly built house, high formaldehyde, pentanal, and hexaldehyde concentrations were ascribed to primary emissions from the plywood subfloor, passage doors, and cabinetry [27] . Other authors found that the most prevalent aldehydes emitted from commonly used building materials, such as particle board and medium-density fibreboard, were hexaldehyde, pentanal, benzaldehyde, and heptanal [28] . Hexaldehyde has also been found to be emitted from wood-based furniture coatings and alkyl paints during the air-drying period [29, 30] . Recent particle board furniture and wood-pressed products also contributed to the high levels of hexaldehyde and pentanal, but when more than one year old, these materials don't have any influence on both aldehyde levels [31] .
Seasonal variation of CO 2 , PM 2.5 and acetaldehyde concentrations
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A seasonal variation of concentrations was noticed during occupancy for CO 2 (lower level in summer than in winter), and for PM 2.5 and acetaldehyde (both presented mean concentrations higher in winter than in summer).
As proposed by others authors [32] , the seasonal variation of the CO 2 concentration could be related to the increased rate of air exchange in these houses in summer possibly due to the opening of windows. Opening windows produces the greatest increase in air change rates compared to temperature differences and wind effects [33] . The occupants of both houses reported in the questionnaire to open the windows for longer times during the day in summer (more than one half hour per day) than in winter (rarely or never) and used the free night-time cooling in summer.
The seasonal variation of the PM 2.5 mass concentration was also previously [34, 35] and appears to be partially linked to different ventilation practices in summer and in winter. The highest particulate matter infiltration was observed in summer, and the lowest infiltration was observed in winter [26] . Because of the window opening in summer, the indoor PM concentrations were highly correlated with the outdoor PM concentrations, whereas in winter, the PM concentrations were more strongly influenced by indoor activities. This finding was confirmed in this study, as the indoor and outdoor PM 2.5 concentrations showed a strong positive correlation in summer (r = 0.78) and a weak positive correlation in winter (r = 0.14).
In winter, the perfect superposition of the CO concentrations attributable to incomplete combustion processes with the particle number concentrations illustrated for house B in winter 2009-2011 (Figure 3 ) indicated the emission of particles from the wood heating system. According to recent studies [37, 38] , these emissions of particles occur at the time of lighting the fire or when opening the fire chamber door to put in firewood. 
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Gradual decrease of aliphatic hydrocarbons concentrations
The gradual decreases in the concentrations of n-decane and n-undecane to near disappearance observed in this study during occupancy were consistent with the declining time trend over time observed for these compounds by other authors [5, 9, 23, 25 ,44] but the reasons are not well known.
Gradual increase of acetic acid concentrations
The gradual increase in the concentration of the acetic acid over time observed in this study during occupancy was also observed approximately 10 months after the completion of newly manufactured and site-built houses [24] , who identified plywood as one of the main possible sources. Acetic acid is known to be emitted from wood-based products [45] and is derived from the degradation of the acetyl groups in hemicellulose [46] . Substantial emissions of acetic acid and/or furfural acid have been observed for heat-treated wood-based building products [47] . According to these authors, the thermal degradation of the hemicelluloses in wood is auto-catalysed by the amounts of acetic acid generated, which could explain the increasing time trend observed for this acid over time. 
Thermal comfort and causes of the thermal discomfort
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Based on the comparison of the air temperature with two threshold temperature, the underheating was noticed in the heating season in both houses and the overheating in house B during summer. These observations were in accordance with the perceptions of the inhabitants and the reasons of this thermal discomfort were identified. During the heating season, the higher frequency of temperatures under 16°C in house E was explained by the homeowners, who preferred to limit their use of firewood because of the cost. The problems were solved in house B by installing electrical radiators near the dining table in the kitchen/living room. In contrast, overheating was measured in summer in both houses but more frequently in house B.
The homeowners of house B did not want to install external solar shading simply for aesthetics and for architectural reasons, while house E was equipped with external solar shading. The presence of overheating just during the first summer of occupancy in house E seemed to show that the occupants learned to manage their external solar shading effectively during the following summers. Our results were in accordance with those in eight passive houses [20] .
Conclusions
Two newly built, wooden-framed, energy-efficient houses were investigated from 2009 to 2012 in order to follow up on the IAQ and occupant comfort over time. The investigation periods started from the completion of houses construction before occupancy and finished after three years of occupancy. Despite the limited sample size, this study brings new data on IEQ in energy-efficient and airtight buildings, as well as on temporal variations of indoor air concentrations that were never described before in such buildings over a long period.
According to our measurements and observations, the IEQ and comfort conditions in these both houses were generally acceptable over time despite some specific problems. Regarding For the future, it would be particularly interesting to investigate other energy-efficient houses occupied by different households in order to study the user behaviour with regard to the IEQ and energy consumption of a house. The comparison of occupant's behaviour could be made between owners/tenants, high income/low income, more or less ecofriendly people, more or less motivated people by IAQ, etc. It would also be interesting to study the IEQ in retrofitted energy-efficient buildings. The study could be extended to other types of buildings with specific occupation rate and indoor pollution sources, e.g., multi-family dwellings, schools, and offices.
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